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3 A b s t r a c t .  
Diablo meteorites i n d i c a t e  t h a t  t h e  "anomalous" Canyon Diablo 
Measurements of H e  , N e 2 1  and Ar3' i n  n i n e  Canyon 
No. 2 w a s  located i n s i d e  t h e  main m a s s  of Canyon Diablo "NQ. 1" 
when t h e  l a t te r  s t r u c k  t h e  atmosphere. Canyon Diablo  N o .  3 
probably  o r i g i n a t e d  f r o m  t h e  main m a s s  too, bu t  t h e  ev idence  is 
less c e r t a i n .  These conc lus ions  speak  a g a i n s t  t h e  view t h a t  
t h e  anomalous Canyon Diablo  i r o n s  w e r e  e i ther  s a t e l l i t e s  of t h e  
main m a s s  o r  d i s t i n c t  f a l l s .  It appea r s  i n s t e a d  t h a t  s i g n i f i c a n t  
chemical and s t r u c t u r a l  v a r i a t i o n s  e x i s t e d  i n  t h e  n i c k e l - i r o n  
phase of t h e  m e t e o r i t e  p a r e n t  body ove r  d i s t a n c e s  of s o m e  t e n s  
o f  meters. 
Of t h e  thousands  of i r o n s  t h a t  have been recovered  from 
t h e  Arizona Meteor Crater t h e  vas t  m a j o r i t y  are coarse octahe- 
dr i tes .  However, c a r e f u l  searches by Nin inger  have t u r n e d  up a 
s m a l l  number of anomalous i n d i v i d u a l s  d e s i g n a t e d  as Canyon Diablo 
N o .  2 and N o .  3 ( 1 , 2 ) .  Both a r e  medium octahedrites;  t h e y  have 
a h i g h e r  n i c k e l  c o n t e n t  t h a n  Canyon Diablo  N o .  1 and o f t e n  show 




There is no doubt t h a t  Canyon Diablo 2 and 3 are t r u l y  
d i s t i n c t  from Canyon Diablo 1. The kamacite bands of Canyon 
Diablo 1 vary  i n  w i d t h ,  r ang ing  up t o  as much as 4 or 5 mm; 
whereas t h e  kamacite bands i n  Canyon Diablo 2 average  1 .4  mm 
i n  w i d t h .  The n i c k e l  c o n t e n t  of Canyon Diablo 1 is 7.11% as 
a g a i n s t  8.09% i n  Canyon Diablo 2, and t h e  pa l lad ium concent ra -  
t i o n s  are 3.98 ppm and 5.30 ppm r e s p e c t i v e l y  (3). Nininger  
exp la ined  these chemical  and s t r u c t u r a l  d i f f e r e n c e s  i n  t w o  ways. 
H e  sugges t ed  t h a t  Canyon Diablo 2 w a s  a s w a r m  of s m a l l  i r o n  
meteorites, cap tu red  by t h e  m a i n  m a s s  w h i l e  t h e  l a t t e r  w a s  i n  
o r b i t  around t h e  sun. H e  also o f f e r e d  t h e  a l t e r n a t i v e  explana- 
t i o n  t h a t  Canyon Diablo 2 and 3 were d i s t i n c t  f a l l s  bu t  thought  
t h i s  p o s s i b i l i t y  less l i k e l y .  The c a p t u r e  hypo thes i s  w a s  no t  
wide ly  accepted  because of t h e  obvious un l ike l ihood  of such an  
even t .  Goldberg et  a1 po in ted  ou t  t h a t  t h e  t e r r a i n  around 
Meteor C r a t e r  is p o s s i b l y  t h e  most e x t e n s i v e l y  searched area f o r  
meteorit ic material. T h i s  area is about  6'5 s q u a r e  k i l o m e t e r s  
O r  1.3 x t i m e s  t h e  ear th ' s  s u r f a c e .  A f a l l  f requency  
on t h e  earth of about 35 i r o n  meteorites p e r  y e a r  (4,5) means 
t h a t  t h i s  area of 65 s q u a r e  k i l o m e t e r s  w a s  h i t  on t h e  ave rage  
once i n  230,000 y e a r s  and t w i c e  i n  460,000 y e a r s .  From o ther  
s t u d i e s  (6)  i t  appea r s  p o s s i b l e  t h a t  i r o n  meteorites can  s u r v i v e  
on t h e  s u r f a c e  of t h e  e a r t h  for a m i l l i o n  y e a r s  o r  l onge r .  The 
h y p o t h e s i s  of a d i s t i n c t  f a l l  is t h e r e f o r e  not  a l t o g e t h e r  u n l i k e l y .  
The ev idence  ev idence  for d i s t i n c t  o r i g i n s  of Canyon Diablo  
1, 2 and 3 is no t  very  convincing,  though, d e s p i t e  t h e  chemical 
. 
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and s t r u c t u r a l  d i f f e r e n c e s .  Canyon Diablo  is one  of t h e  l a r g e s t  
i r o n  m e t e o r i t e s  known. P i e c e s  of t h e  p a r e n t  mass may have been 
s p a l l e d  off  d u r i n g  passage  through t h e  atmosphere and f a l l e n  
n e a r  Meteor Crater. The re  is c o n s i d e r a b l e  disagreement  a s  t o  
t h e  size of t h e  p r o j e c t i l e  tha t  produced t h e  c r a t e r .  6 p i k  (7)  
estimates a mass of 2.6 m i l l i o n  t o n s ,  Shoemaker (8) g i v e s  
63,000 t o n s  and Bjork (9) p l a c e s  t h e  mass between 30,000 and 
194,000 t o n s ,  depending on impact v e l o c i t y .  The lowest  estimate 
cor responds  t o  a d iameter  of 19 .5  meters. Thus i t  appea r s  
almost c e r t a i n  t h a t  t h e  diameter of t h e  p r o j e c t i l e  w a s  a t  least  
t e n  meters. The three Canyon Diablo v a r i e t i e s  might have been 
broken o u t  from d i a m e t r i c a l l y  opposed l o c a t i o n s  and s i n c e  
no th ing  is r e a l l y  known about c h e m i c a l  and s t r u c t u r a l  v a r i a t i o n s  
of i r o n  meteorites on such  a s c a l e ,  a t h i r d  h y p o t h e s i s  d e s e r v e s  
c o n s i d e r a t i o n  i n  my op in ion ,  namely t h e  one o r i g i n a l l y  rejected: 
t h a t  Canyon Diablo  1, 2 and 3 d i d  a l l  come f r o m  t h e  same object. 
An e s s e n t i a l  d i f f e r e n c e  among these hypotheses  is t h a t  
t h e  f i r s t  t w o  assume t h e  anomalous Canyon Diablo t o  have 
existed i n  space  as s m a l l  i n d i v i d u a l  e n t i t i e s ,  whereas t h e  t h i r d  
one assumes them t o  have r e s i d e d  i n  a s i n g l e ,  l a r g e  p a r e n t  m a s s .  
These t w o  p o s s i b i l i t i e s  can  be d i s t i n g u i s h e d  e x p e r i m e n t a l l y  
inasmuch as t h e y  should  r e s u l t  i n  markedly d i f f e r e n t  concent ra -  
t i o n s  of cosmogenic rare gases .  S i g n e r  and N i e r  (10) have 
3 21 c a l c u l a t e d  t h e  d i s t r i b u t i o n  of t h e  cosmogenic n u c l i d e s  H e  , N e  
and Ar38 i n  s p h e r i c a l  meteoroids of  d i f f e r e n t  d i a m e t e r s  and t h e i r  
r e s u l t s  are shown i n  Fig.  1. 
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T h i s  p l o t  is based on  measurements 
o r i t e  which has a cosmic - ray  exposure age  
on t h e  G r a n t  m e t e -  
of  640 i 100 m i l l i o n  
y e a r s  (11) .  Between t h e  breakup of its p a r e n t  body, 640 m.y. 
ago, and its c a p t u r e  by t h e  e a r t h ,  t h e  meteorite accumulated 
cosmogenic n u c l i d e s  which  were produced by high-energy n u c l e a r  
r e a c t i o n s  between cosmic - ray  p a r t i c l e s  and t h e  a tomic  n u c l e i  
of t h e  meteorite. The c o n c e n t r a t i o n  of  any s table  n u c l i d e  i n  
a sample depends of cour se  on t h e  d u r a t i o n  of t h e  i r r a d i a t i o n  
and t h e  l o c a t i o n  of t h e  sample below t h e  s u r f a c e  of t h e  m e t e -  
o r i t e  before t h e  l a t t e r  e n t e r e d  t h e  ea r th ' s  atmosphere. While 
t h i s  l o c a t i o n  cannot  be de r ived  f r o m  t h e  observed l o c a t i o n  i n  
t h e  recovered  object ,  due t o  c o n s i d e r a b l e  a b l a t i o n  losses i n  
t h e  atmosphere,  t h e  H e  /Ne21 r a t i o  i n  t h e  Signer-Nier  p l o t  is 
a s e n s i t i v e  i n d i c a t o r  of t h e  depth  of a sample; t h e  h i g h e r  t h i s  
r a t i o  t h e  g r e a t e r  w a s  t h e  depth.  
3 
3 A measurement of H e  , N e 2 1  and Ar38 i n  any meteorite 
which  has  t h e  same exposure age as Grant should  g i v e  a p o i n t  on 
t h i s  p l o t  cor responding  t o  t h e  prea tmospher ic  m a s s  of t h e  m e t e -  
o r i t e  and t h e  l o c a t i o n  of t h e  sample i n s i d e  t h e  o b j e c t .  A d i f -  
f e r e n c e  i n  cosmic-ray exposure age a l o n e  would merely r e s u l t  i n  
a p r o p o r t i o n a t e  d i f f e r e n c e  i n  Ar38 c o n c e n t r a t i o n  and t h e  p o i n t  
would be located on a cu rve  which can be ob ta ined  from Fig .  1 
by a s imple  h o r i z o n t a l  displacement  of t h e  Signer-Nier  cu rves .  
Unfo r tuna te ly ,  t h e  preatmospheric  mass of a meteorite and hence 
t h e  l o c a t i o n  of  a sample i n  t h e  object are u s u a l l y  unknown but  
i n  s p e c i a l  cases l i k e  Canyon Diablo it  is clear t h a t  p o i n t s  must 
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l i e  close t o  a Signer-Nier  curve of  i n f i n i t e  m a s s .  Note t h a t  
each  s p h e r e  of g iven  m a s s  (masses range  from 100 kg t o  i n f i n i t y ,  
i . e .  >> 2 x 10  5 3 kg)  has  a maximum H e  /Ne21 r a t i o  which o c c u r s  
a t  t h e  c e n t e r  of t h e  sphe re .  
I n  Fig.  1 I have a l s o  p l o t t e d  my expe r imen ta l  r e s u l t s  on 
seven  d i f f e r e n t  Canyon Diablo  1 specimens.  A d e t a i l e d  d i s c u s -  
s i o n  of t h e  expe r imen ta l  procedure w i l l  appear  e l sewhere  (12) .  
Ev iden t ly  t h e  r e s u l t s  a g r e e  q u i t e  w e l l  w i t h  a Signer-Nier  cu rve  
f o r  a meteoroid of ve ry  l a r g e  mass. The on ly  specimen which 
is d e f i n i t e l y  o u t s i d e  t h e  c o r r e l a t i o n  is 34.4341. F r o m  t h e  
mean d isp lacement  of t h e  Canyon Diablo 1 p o i n t s  t o  t h e  l e f t  of 
t h e  Signer-Nier  cu rve  f o r  i n f i n i t e  m a s s ,  I conclude t h a t  t h e  
normal Canyon Diablo  h a s  a lower exposure age  t h a n  G r a n t ,  namely 
540 f 100 m i l l i o n  y e a r s ,  which is n o t  i n  disagreement  w i t h  a 
r e c e n t l y  measured exposure age of 665 f 65 m i l l i o n  y e a r s  by t h e  
K40-K41 method (13) .  A l s o  shown i n  Fig.  1 are r e s u l t s  o b t a i n e d  
on samples  of Canyon D i a b l o  2 and 3. The r e s u l t s  of i n d i v i d u a l  
measurements are g iven  i n  Table 1. 
The recovered  m a s s  of Canyon Diablo  2 is a f e w  k i lograms.  
I t a k e  t h i s  t o  mean t h a t  t h e  meteorite w a s  s m a l l ,  less t h a n  500 
k i lograms i f  it w a s  a "sa te l l i t e"  or a d i s t i n c t  f a l l ,  u n l e s s  
most of its m a s s  d i sappeared  through weather ing .  The H e  con- 
t e n t  of Canyon Diablo  2 ,  specimen 371.2,  is about  8 t i m e s  l o w e r  
t h a n  t h e  h i g h e s t  H e  c o n c e n t r a t i o n  measured i n  a Canyon Diablo 
i r o n :  301 x cc STP/g (34.4341). T h i s  r e s u l t ,  t a k e n  a l o n e ,  





s i n c e  it is conce ivab le  t h a t  t h i s  meteorite is a d i s t i n c t  f a l l  
and h a s  a cosmic-ray exposure age of  on ly  64 f 12  m i l l i o n  years. 
But t h i s  is u n l i k e l y .  For one t h i n g ,  a l l  exposure ages  of 
medium o c t a h e d r i t e s  measured thus  f a r  are uni formly  h ighe r  t h a n  
300 m i l l i o n  y e a r s  (14) .  Moreover, t h e  He3/Ne21 r a t io  of t h i s  
specimen, 108 f 7 ,  is much h igher  t h a n  what one would expec t  
t o  f i n d  i n s i d e  a m e t e o r i t e  of a few hundred k i lograms.  The 
h i g h e s t  r a t i o  observed i n  Grant ( recovered  m a s s  480 k i lograms)  
l i k e l y  t h a t  specimen 371. 2 w a s  once i n s i d e  a l a r g e  m a s s :  l o 4  
k i log rams  or l a r g e r .  F i n a l l y ,  t h e  Canyon Diablo  2 p o i n t  l ies  
remarkably c l o s e  t o  t h e  cu rve  def ined  by Canyon Diablo  1. I n  
view of t h e s e  facts, I conclude t h a t  t h e  s i m p l e s t  e x p l a n a t i o n  
for  t h e  observed cosmogenic rare gas abundances is t h a t  Canyon 
Diablo  2 w a s  once p a r t  of Canyon Diablo  1 ;  w a s  located approxi-  
mately 50 c m  below i ts  preatmospheric  s u r f a c e ;  and w a s  exposed 
t o  cosmic-ray i r r a d i a t i o n  f o r  t h e  s a m e  l e n g t h  of t i m e  as t h e  
main m a s s .  
I n  t h e  case of  Canyon Diablo 3, t h e  conc lus ion  cannot  be 
as d e f i n i t e .  Th i s  i r o n  ha5 t h e  t h i r d  h i g h e s t  cosmogenic rare 
gas abundance of 47 Canyon Diablo i n d i v i d u a l s  which I have 
examined. 
t h e  c u r v e  d e f i n e d  by Canyon Diablo 1, as can be s e e n  from Fig .  1. 
The He3/Ne21 r a t i o  of 92 is h ighe r  t h a n  what one would expec t  
fo r  t h i s  specimen: 82. Y e t ,  one d e t a i l  i n  F ig .  1 l e a d s  m e  t o  
t h e  t e n t a t i v e  conc lus ion  t h a t  Canyon Diab lo  3 also belonged t o  
3 Moreover, its H e  /Ne21 r a t i o  does  no t  f i t  w e l l  w i t h  
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. 
t h e  main mass. Specimen 34.4341 seems t o  be  d i s p l a c e d  t o  t h e  
r i g h t  of t h e  Canyon Diablo  1 curve,  y e t  it appea r s  t o  belong 
t o  t h e  normal v a r i e t y .  This could be exp la ined  i n  t w o  ways. 
E i t h e r  Canyon Diablo  w a s  broken o u t  f r o m  its p a r e n t  body 1 . 0  
aeon ago and s u f f e r e d  a second c o l l i s i o n  540 m i l l i o n  y e a r s  ago 
(15) or specimen 34,4341 w a s  l oca t ed  i n  a p r o t r u s i o n  on t h e  s u r -  
face of t h e  main m a s s .  I t  can be e a s i l y  shown tha t  i n  t h e  l a t t e r  
case t h e  p roduc t ion  ra t ios  of cosmogenic n u c l i d e s  are determined 
by t h e  s ize  of t h e  p r o t r u s i o n ,  n o t  so  much by t h e  r a d i u s  of t h e  
main m a s s .  I n  t h e  present  case  t h e  p r o t r u s i o n  a p p a r e n t l y  had 
a m a s s  of about  10  kilograms and a r a d i u s  of 1 .4  m e t e r s .  5 
Is i t  a co inc idence  that  t h e  cosmogenic rare g a s e s  i n  
Canyon Diablo  3, specimen 586.1 can be exp la ined  w i t h  t h e  s a m e  
set of assumptions? I t  too could have come f r o m  a l o c a t i o n  
i n  t h e  main m a s s  which w a s  exposed f o r  1 .0  aeon and s u r v i v e d  
t h e  c o l l i s i o n  540 m i l l i o n  y e a r s  ago. O r  it could l i k e w i s e  have 
come from a p r o t r u s i o n  of about l o 5  kilograms which was exposed 
d u r i n g  540 m i l l i o n  y e a r s .  
If a l l  t h e  v a r i e t i e s  of t h e  Canyon Diablo  meteorite indeed 
come f r o m  a s i n g l e  p a r e n t  m a s s ,  t h e n  it follows t h a t  s u b s t a n t i a l  
s t r u c t u r a l  and composi t iona l  v a r i a t i o n s  e x i s t e d  i n  t h e  n i c k e l -  
i r o n  phase of t h e  p a r e n t  body of Canyon Diablo ove r  d i s t a n c e s  of 
10-100 meters. T h i s  adds a new element of f l e x i b i l i t y  t o  a l l  
theories  on t h e  o r i g i n  of i r o n  meteorites. 
. 
. References and Notes 
1. H. H. Nin inger ,  Popular  Astronomy - 48, 328 (1940).  
2. H. H. Nin inger  and A. D. Nininger ,  The Nin inger  Col lect ion of 
Meteorites, Winslow, Arizona, p.  129 and P l a t e  V I I I ,  F ig .  9 
(1950). 
3. E. A. Goldberg, A. Uchiyama and H. Brown, Geochim. et  
Cosmochim. Acta 2 ,  1 (1951).  - 
4. H. Brown, J. Geophys. R e s .  66, 1316 (1961). - 
5. I have assumed t h a t  6.7% of a l l  meteorite f a l l s  are i r o n s .  
6. M. Honda, J. P. Shedlovsky and J. R. Arnold,  Geochim. et 
Cosmochim. Acta 22, 133 (1961). -
11 
7 .  E. Opik, I r i s h  Astron.  Journ.  5, 14 (1958). 
8. E. M. Shoemaker, Report of t h e  I n t e r n a t i o n a l  Geological Congress,  
- 
XXI S e s s i o n ,  Norden. P a r t  X V I I I ,  p. 418 (1960).  
9. R. L. Bjork,  J. Geophys. R e s .  66,  3379 (1961). -
10. P. S i g n e r  and A. 0. N i e r ,  J. Geophys. R e s .  65, 2947 (1960).  -
11. 0. A. S c h a e f f e r  and D. Heymann, t o  be pub l i shed .  
12. M. E. L ipschu tz  and D. Heymann, t o  be pub l i shed .  
13. H. Voshage and D. C. H e s s ,  Z .  f .  Natur forschg .  17a,  341  (1964). 
14.  E. Anders, Rev. Mod. Phys ic s  34,  287 (1962).  
-
-
15. There is good ev idence  t h a t  i r o n  meteorites s u f f e r  r e p e a t e d  
c o l l i s i o n s  i n  s p a c e  w h i c h  produce new s u r f a c e s .  Fragments 
f r o m  under  such  new s u r f a c e s  have s h o r t e r  exposure  ages  t h a n  
t h e  main mass ( see :  E. Vi lcsek and H. WXnke, Proceedings  of 
t h e  Symposium on Rad ioac t ive  Dat ing,  Athens 1962, p .  381. 
IAEA,  Vienna 1633) .  I m y s e l f  have measured f o u r  Canyon Diablo  
1 specimens no t  shown i n  Fig.  1, which i n d i c a t e  a n o t h e r ,  still  
References and Notes Cont'd. 
* shorter exposure age for this meteorite of 150-200 million 
years. 
16. I wish to thank Prof. E. Anders for suggesting this experi- 
ment and for his stimulating criticism. I am indebted to 
Prof. Carleton Moore who made samples of Canyon Diablo Nos. 
2 and 3 available. This work was supported in part by the 
U. S. Atomic Energy Commission [Contract AT(11-1) 3821 and 

















































I n r l  0 
C D l n  (D 
r l r l  d 
a - o m  
o o r c o  





























a m * *  
m m m m  
0 0 0 0  
b r l r c d  
l n l o l n l o  
d r l d d  























m c v m  
0 0 0  
d r l r l  
. .  
( D f c c v  m a m  . .  
r l d r l  
0 0 1 0  
W b b  
r l d r l  
C 
- .  
Figure Caption 
Fig.  1. 
radius.  The drawn curves are Signer and Nier ' s  (10) calculated 
H e 3 / N e 2 1  v s .  Ar38 for spherical  meteoroids of increasing ... 
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